Introduction
The position of solid particles in respect to fluid/liquid interface might critically affect efficiency of flotation processes Albijanic et al. 2010; Muganda et al. 2011) , stability of emulsion (Pickering 1907; Binks 2002; Binks et al. 2005) as well as overall reaction rate in multiphase catalitical reactors Ruthiya et al. 2004; Junmei et al. 2006; Hu et al. 2007) . Prediction of the position of the solid particles in gas/solid/liquid systems (in the bulk of liquid or at the interface between two gas and liquid) is rather difficult and the simple method based on the values of contact angle is not always accurate. According to this method it is commonly accepted that in gas/liquid/solid dispersions, the particles might stay on the gas/liquid interface when the three phase contact angle θ>0° Dai et al. 1999 ) and the larger the contact angle the stronger the attachment. Whilst indication of the position of particles based on the value of the contact angle is simple and straightforward the measurements of contact angle between particle and liquids as such might be challenging Nowak et al. 2013a ) Even at the room temperature/pressure such measurements for porous particles (catalyst) is not straightforward and it is practically impossible to obtain accurate values of contact angles at the elevated temperature/pressure typical for many multiphase catalitical reactors. The contact angles measured at room temperature might be different than contact angle at
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3 elevated temperature since the surface tension and surface/interfacial energy depends on the temperature (Israelachvili 2011) .
In this work, the position of solid particles in gas/solid/oil dispersions has been investigated theoretically and experimentally. The theoretical considerations are based on thermodynamical description of the work of adhesion/cohesion (Israelachvili 2011) applied to macroscopic system. This methodology enables prediction of the particles most favourable position, i.e. whether they tend to remain in the bulk of the liquid or at the gas/liquid interface.
The work associated with the particle detachment from the gas/liquid interface can be expressed in terms of surface energies between: gas/solid (γ sg ), gas/liquid (γ lg ) and solid/liquid (γ sl ) as ilustrated in Figure 1 . 
For the ∆E > 0, lg sg sl γ γ γ + > the attraction between gas and solid is stronger than attraction between liquid and solid, therefore the particle tent to adhere/attach to gas/liquid interface. For the ∆E < 0, lg sg sl γ γ γ + < liquid displaces gas on the solid surface and totally wets the solid therefore the particles tend to stay in the liquid. Therefore, if the surface energies between gas/liquid (γ lg ), gas/solid ( γ sg ) and solid liquid ( γ sl ) are known it is possible to predict the position of particles in gas/liquid dispersion. Whilst the energy A C C E P T E D M A N U S C R I P T
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4 between gas and pure liquids (surface tension, γ lg ) is readily available in the tables of physical properties (Yaws 2012 ) the gas/solids surface energies (γ sg ) and solid/liquid interfacial energy ( γ sl ) strongly depend on the treatment of the solid surfaces (Schmidt 2001) therefore are not available in the literature and they have to be measured.
The interfacial energy between solid and liquid consists of their surface energies reduced by the energy of interactions between them due to polar and non-polar (dispersive) forces (Fowkes 1962; Fowkes 1987) . Depending on the physical properties of solid and liquid (polarity, dielectric constant etc.) the interactions can be either entirely due to the dispersive forces or it can also have the polar components (Van Oss et al. 1988 ) (Fowkes 1987) :
The systems investigated here consist of non-polar oil, therefore interactions with catalysts particles can occur only due to dispersive forces. In such case the interaction energy can be calculated from (Fowkes 1962; Fowkes 1964): ( )
and the change of system energy from:
This means that the energy of the particle attached to the bubble can be determined if the dispersive component of surface free energy of the article is known as dispersive component of gas/liquid interaction are equal to the surface tension of the non-polar oil.
Interfacial energy between solid and gas strongly depends on the processing methods, e.g. solids processed at low temperature have different surface energy than the same solid processed at high temperature; also chemical treatment affects surface energy as it might change the zeta potential (Schmidt 2001) .
Recently inverse gas chromatography (IGC) has been employed to measure dispersive component of surface energy of both porous and non-porous solid particles (Diaz et al. 2007; Xue et al. 2008; Cuervo et al. 2009; Das et al. 2010; Grajek et al. 2010; Shi et al. 2011; Kolodziejek et al. 2013) . In inverse gas chromatography net retention volume/time depends on the strength of the interactions between fluid (probes) and adsorbent (solids) (Xie et al. 2000) :
The retention volume is related to the adsorption energy of the solid phase (Liu et al. 1998; Grajek et al. 2010) :
where the constant depends on the type of chromatographic column and selected reference state.
The adsorption of probe molecules is caused by dispersive and polar interactions and can be related to the work of adhesion by (Grajek et al. 2010) :
where a is a molecular area of an adsorbed molecule ):
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The relation between the adsorption energy and the work of adhesion enables calculation of the surface energy of solid particles from measured retention volume.
Because non-polar liquids adsorption can occur only due to dispersive forces the dispersive component of the particles surface energy can be obtained from (Newell et al. 2001) :
and it is equal to the slope of the line defined by Eq 9 in (RTlnV n ) versus ((
coordinates. This means that when the particles surface energy in presence of a the non-polar liquid is known the position of catalyst particles in gas/solid/oil systems can be predicted. It is worth to stress here that this approach enables calculation of surface energy at an elevated temperature/pressure e.g. conditions frequently occurring in the industrial applications.
In this work inverse gas chromatography was used to measure surface energy of selected catalyst particles at elevated temperatures. The results were compared with the predictions
based on the values of contact angle ) and validated against experimental results obtained with the bubble pick up method .
Experimental
Two sets of experiments were carried out.
In the first set the dispersive components of the surface energy of catalyst particles in In the second set of experiments the attachment of the catalyst particles to a single bubble suspended in the paraffin oil and in the n-decane was investigated and the results were compared with the theoretical predictions based on the dispersive components of surface energy and on the contact angle.
Materials
The following Table 1 .
Inverse gas chromatography
The inverse gas chromatography involves injection of fluid (vapour) into a column filled with the investigated particles and measurements of the retention time as in the standard chromatography. However in this case rather than composition of the liquid phase (standard chromatography) the strength of interaction between fluid (adsorbate) and solid (adsorbent) is determined from the measured retention time. IGC can be used to measure range of physical properties such as adsorption isotherms, heats of adsorption, solubility coefficients, free energy of adsorption, as well as, polar and dispersive components of surface free energy (Newell et al. 2001; Xue et al. 2008; Das et al. 2010 ). This method is frequently used to characterise powder surface properties in pharmaceutical industry (Grimsey et al. 2002) , coatings (Hegedus et al. 1993) , composite particles (York et al. 1998) and also to characterise surface properties of catalysts Cuervo et al. 2009 ).
In this work gas chromatograph Perkin-Elmer 8500 equipped with the flame ionization detector and copper column (length of 30cm and inner diameter of 2mm) enabling measurements at high temperature and pressure was used. The column was filled with investigated particles using vacuum pump, silanized wool stoppers were inserted at the both ends and column was left for 24h at 100°C with inert gas (nitrogen) passing through it in order to remove all impurities and water vapour. The temperature of the injection port was set above the boiling point of all investigated liquids (230°C) to ensure complete evaporation of injected liquids. During the experiments gas flow rates were measured using bubble in water flow-meter. Each measurement was repeated 3 times for each liquid/solid combination and
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9 the average retention time was used to calculate retention volume. The dispersive component of solid surface energies was determine using following alkanes C 6 H 14 , C 7 H 16 , C 8 H 18 , C 9 H 20 . In order to stay within linear regime of adsorbtion, the vapours were strongly diluted in nitrogen (1 µl Hamilton syringe) before the mixture was injected into the column.
At the infinite dilution the adsorbate covers small fraction of the adsorbent and the results are not affected by adsorbate-adsorbate interactions (Mukhopadhyay et al. 1995) . The time of passing non-adsorbing fluid (dead time) was measured using methane also at very low concentration. Table 2 summarizes experimental conditions.
Particles to a single bubble attachment
The attachment of the particles submersed in liquid to the single bubble was investigated in an experimental rig schematically shown in Figure 2 .
Particles (1) were suspended in the liquid in a glass, rectangular container (4) placed on the stand (6) enabling vertical movement and were left to sediment for 24 hours. After that time the air bubble (3) was formed at the tip of the syringe needle of 1.81 mm diameter (5) immersed in the oil and the container was slowly moved towards the gas bubble until the bubble was completely immersed in the particles. Next the bubble was withdrawn from the bed of particles by slowly lowering the stand and the coverage of bubble with particles was estimated directly from high resolution images of bubbles with attached particles taken by video-technique (7) (Pacek et al. 1994) . The three phase contact angles between particles, gas and oil were calculated from the degree of coverage of the bubble surface by the particles. Higher dispersive component of the surface energy of the particles compared to paraffin oil and n-decane surface tension (Table 1) indicate that liquid will tend to spread completely over the solid surface (energetically more favourable position). This means that in the three phase system (air/non-polar liquid/particles) at ambient conditions the particles will tend to remain in the bulk of liquid. 
Results and discussion

A C C E P T E D
Particles in three phase system
Calculated dispersive component of the particles surface energy allows estimation of the position of the particles in gas/non-polar liquids (e.g in low dielectric constant hydrocarbons) system based on thermodynamical equilibrium. System net change of energy upon particles detachment from the gas/liquid interface to bulk of the liquid (based on Eq. 1) was calculated for each catalyst particles for non-polar liquids, decane and paraffin oil.
Results were extrapolated to 25 o C ( Figure 5 ).
The more positive the net change of energy, the more energetically favourable the presence of the particles in the bulk of the liquid. Negative values mean that the position of the particles on the interface is energetically favourable.
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In the paraffin oil, at all temperatures, silica particles revealed the lowest net change of energy (∆E). This means that these particles are likely to stay on the interface. Calculated energy of the particles detachment from the bubble surface to the bulk of liquid is always positive for alumina and zirconia particles (Figure 5a ). This indicates that both these particles are expected to stay suspended in the bulk of liquid rather than at the liquid/gas interface. Changes of the energy for the zirconia particles is largest, therefore these particles are most likely to remain in the bulk of the liquid.
Interestingly, in the Fisher
Position of particles in the single bubble/non-polar liquid system
The particles attachment to the bubble suspended in high and low viscosity non-polar liquids was investigated following methodology described in the section 2. Figure 6 shows typical images of the particles and bubble in the paraffin oil (6a) and in the n-decane (6b).
The experiments clearly show that some particles remain at the air-paraffin oil or airdecane interface what indicate certain degree of particles lyophobicity. This is rather unexpected when the contact angle values are considered. Previously published measurements of the contact angle between particles and paraffin oil showed that particles
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13 are lyophilic, i.e. zero contact angle was obtained for all particles (Al 2 O 3 , SiO 2 and ZrO 2 ) . These results suggest that the particles tend to stay in the bulk of the non-polar liquid rather than at the gas/liquid interface. Based on the contact angles values one would expect complete wetting what is observed here as it can be clearly seen in Figure 6 that some particles remain attached to the bubble. Such contradiction proves that the prediction of the particle position in gas/soild/liquid system based only on the values of contact angles might lead to wrong conclusions. Figure 6a clearly shows that there is certain amount of the silica particles attached to the bubble as well as several alumina particles. In decane, few silica particles were visible at the gas/liquid interface. Zirconia was not present at the gas/liquid interface neither in the paraffin oil nor in the decane.
The above images agree well with the results shown in Figure 5 representing the trends in the degree of particles wettability. It appears that silica is the least wettable by the paraffin oil (and decane) with even negative ∆E at different temperatures. The alumina particles are slightly better wetted but the zirconia particles are clearly the most wettable particles. These trends agree well with the observed amounts of different particles attached to gas bubble in non-polar liquids investigated here.
In general, for the negative values of ∆E attachment of the particles to the bubble surface is more favourable than suspension in the bulk of the liquid. At ambient temperatures, ∆E for silica particles in paraffin oil is positive, however is close to the zero (Figure 5a) ). In the image however there is significant amount of particles attached to gas/liquid interface ( Figure 6a) . Also, few silica particles attached to the surface in air/decane system is unexpected since in this system ∆E is positive. Alumina particles have moderately positive More important however is the procedure used to test the particles attachment to bubble.
Bubble is practically pushed into the particles bed (see Figure 2 ) therefore additional force is exerted on the particles-bubble interface. The particle to the bubble attachment results mostly from the capillary force, which is proportional to the circumference of the part of particle protruding into bubble (2πR p ) (van der Zon et al. 2002; Omota et al. 2006) . During the particle attachment experiment, bubble is pushed into the particles bed what might increase penetration of particle into bubble, therefore larger circumference, hence larger capillary force. Such additional 'pushing' force might be especially important when particles are porous. The liquid might drain from the pores at the time the bubble is pushed into the particles bed increasing the tendency of particle to remain attached to the bubble. Therefore at room temperature, the data should be considered as trends rather than absolute values.
Using the Young definition of the contact angle and the expression for the energy change, the contact angle can be calculated at high temperatures. From the following relation (for the non-polar liquid) This paper presents method of predicting the position of fine catalyst particles in gas/oil system at s at elevated temperatures. Since the wettability of particles with paraffin oil (or decane) cannot be reliably described by the contact angle, another approach, based purely on the interfacial energies of the considered system is proposed here. This approach identifies differences in interactions between different particles and liquid. Work/energy of particles attachment to bubble suspended oil is employed as a key parameters and it replaces the contact angle commonly used to assess the position of particles. Direct measurements of particles to bubble attachment prove that the proposed here method works and that contact angles cannot be use to predict the attachment.
Zirconia particles has the largest dispersive component of the surface energy, therefore its interaction with non-polar oil is the strongest what indicate zirconia particles suspended in non-polar oil/gas dispersion should tend to stay in the bulk of liquid. On the other hand dispersive interactions between silica and non-polar oil is the weakest what implies that non-polar oil will not tend to spread on silica surface and silica particles suspend in gas/oil dispersion will tend to stay at the interface. 
